INTRODUCTION Previous studies in dogs have shown that ligation of the common bile duct leads to sodium and water retention by the kidney and ascites formation (1) (2) (3) . Although the mechanism of the abnormal renal function was not clear, this animal model was shown to bear several close similarities to human pathophysiology observed in patients with liver disease. Thus, patients with cirrhosis of the liver may demonstrate enhanced renal reabsorption of sodium, delayed excretion of a water Received for publication 16 October 1974 and in revised form 30 December 1974. load, ascites, edema, and impaired urinary concentrating ability (4) (5) (6) (7) (8) . Similar abnormalities were demonstrated in clearance studies in dogs with common bile duct ligation (3) . In this latter study, the authors found that glomerular filtration rate (GFR)' and effective renal plasma flow (CPAH) were not altered by chronic bile duct ligation, and that the enhanced reabsorption of sodium occurred in the proximal and diluting segments of the nephron.
The present micropuncture study in rats was undertaken to further delineate the renal functional disturbances in chronic bile duct obstruction. Rats were studied 10-14 days after ligation of the common bile duct. Balance studies demonstrated sodium retention, and ascites was present at the time of micropuncture surgery. It was found that fractional and absolute sodium and water reabsorption are markedly increased in the proximal convoluted tubule. Single nephron filtration rate (SNGFR), as well as whole kidney GFR, were normal. However, single nephron blood flow (SNBF) of superficial nephrons was significantly reduced, and single nephron filtration fraction (SNFF) was significantly increased, while whole kidney measurements of these parameters of renal function were no different than in normal control rats. The calculated protein concentration in efferent arteriolar blood of superficial nephrons was higher in the experimental animals than in the controls. The ob-servations suggest that sodium retention is the result of enhanced reabsorption primarily by cortical nephrons, and that this is caused by increased colloid oncotic pressure in the peritubular capillaries. METHODS White, male Sprague-Dawley rats, weighing 200-300 g, were maintained in individual metabolic cages. Except for those animals in which balance studies were carried out, described below, they were fed a regular rat pellet diet until 18 h before micropuncture study and were allowed tap water ad lib. In nine rats, anesthetized with i.p. Inactin, 10 mg/100 g, the common bile duct was doubly ligated with silk thread. They were returned to their cages for a period of 10-14 days, at the end of which time micropuncture studies were performed. Six rats, maintained on the same diet and water, served as the control group.
On the day of the micropuncture study, anesthesia was produced with i.p. Inactin, 10 mg/100 g. A jugular vein was cannulated with PE 50 polyethylene tubing for administration of Ringer The left kidney was exposed through a small lateral abdominal incision. In the case of the bile duct-ligated animals, an increased amount of abdominal fluid was present, ranging from 5 to 25 ml. Strict precautions were taken during the abdominal surgery and throughout the experiment to prevent loss of this fluid. To accomplish this, the animal was placed right side down on the table during abdominal surgery, and after the left kidney was dissected free of perirenal adipose tissue, the skin was closed around the renal pedicle and the wound packed with silicone grease (Dow Corning Corp., Midland, Mich.). Upon completion of the surgery, the animal was repositioned on its back. The same surgical technique was carried out in two of the six normal rats to determine whether the special procedures altered renal function. The results were indistinguishable from the data in the four rats prepared in the usual fashion (9) , and therefore all of the data for the normal rats are shown together. The exposed kidney was placed in a Lucite cup and immobilized with cotton. Mineral oil warmed to 38°C flowed continuously over the kidney. A fiber optic light system was used to illuminate the kidney surface. A PE 50 catheter was inserted into the exposed urinary bladder and tied in a manner which occluded bladder dead space. Body temperature was monitored continuously via a rectal thermistor and a telethermometer (Yellow Springs Instrument Company Inc., Yellow Springs, Ohio) and was maintained between 37-38°C by adjusting the heatingmechanism of the animal table. An arterial blood sample was collected from the carotid cannula at the beginning of the experiment for measurement of hematocrit and total protein concentration. Subsequently, during tubular fluid collections, arterialized blood was collected from the cut end of the tail in heparinized capillary tubes at approximately 20-30-min intervals for inulin measurement. After tubular fluid collections had been completed, a blood sample was collected slowly from the left renal vein, using a 25-gauge needle, for determination of inulin. In five of the control and five of the experimental rats, samples of blood were then collected from surface efferent arterioles (videinfra). During this part of the experiment, arterial blood was collected from the carotid artery at 20-min intervals for measurement of hematocrit and total protein. A final blood sample was obtained from the aorta and the left renal vein for measurement of inulin. Timed urine collections were obtained from the bladder catheter throughout the experiment.
Tubular fluid collections were obtained from the last convolution of proximal tubules visible on the surface of the kidney, by techniques previously described (9, 10) . These convolutions were identified by their proximity to vascular "stars", by i.v. injection of 0.05 ml of 10% FD & C dye, and by observing that injected oil droplets disappeared from the surface of the kidney, and did not reappear in any other surface convolutions. A long column.of castor oil colored with Sudan black was then injected into the tubular lumen with a micropipette and allowed to flow distally. The collection of tubular fluid was then started and timed with a stopwatch. The collection was made at a rate that maintained the oil block in place by adjusting the level of a mercury bulb connected to the micropipette.
At the end of the collection, which usually lasted 4-6 min, the pipette was withdrawn from the lumen and its tip sealed by drawing in mineral oil from the surface of the kidney. Four to six tubular fluid collections were obtained in each rat.
In 10 rats, 5 control and 5 experimental, after the tubular fluid collections had been completed blood was collected from the central arteriole of vascular stars. In most instances, stars immediately adjacent to end-proximal convolutions which had been sampled for tubular fluid were chosen for puncture. Sharply ground siliconized and heparinized micropipettes, prepared before the day of the experiment and allowed to dry at room temperature, were inserted into these vessels under X 150 magnification at an angle of approximately 70°to the surface of the kidney. The tip of the micropipette was centered in the vessel so that none of its branches were occluded, and blood was allowed to flow freely into the pipette under its own pressure. At the end of the blood collection, the tip of the pipette was withdrawn and sealed by drawing in mineral oil from the surface of the kidney. Because the arterioles usually continued to bleed, obscuring the surface of the kidney, only two to four vessels could be punctured in each animal.
At the end of the experiment, the tubular fluid samples and portions of urine, tail plasma, and renal vein plasma were transferred to a constant-bore capillary tube, 0.1-mm ID, for measurement of volume (11) . They were then washed out of the capillary tube into liquid scintillation vials for radioactive counting in a Nuclear-Chicago liquid scintillation counter (Nuclear-Chicago Corp., Des Plaines, Ill.). Plasma inulin concentration was corrected for a plasma water content of 94%. The efferent arteriolar blood samples were transferred to a 0.1-mm ID constant bore capillary tube which had previously been siliconized and which contained a column of mineral oil. The blood sample split the oil column, thereby providing an oil seal at each end of the column of blood. One end of the capillary tube was then heat-sealed over a microflame. It was then inserted another.
The following calculations were carried out from the inulin and hematocrit measurements. GFR = U/Pi. X V, (1) where U/Pi. is the ratio of inulin concentration in urine and plasma, and V is the urine flow rate in milliliters per minute. The plasma inulin concentration at the midpoint of the urine collection was determined from a plot of the plasma inulin concentrations vs. time. Since urine was collected from the bladder, the flow rate was halved to calculate the GFR of one kidney.
Filtration fraction (FF)
= [AIn -RVIn)/Ain] X 100, (2) where A,. is the concentration of inulin in the arterial blood, and RV,. is the concentration in renal vein blood. The two samples needed for this calculation were collected within 1 min of each other.
Renal blood flow (RBF) = 1 -HctA' (3) where HctA is the arterial hematocrit.
where TF/Px. is the ratio of inulin in tubular fluid to that in plasma, and TFR is the tubular fluid flow rate in nanoliters per minute. (5) where HctE is the hematocrit of the efferent arteriolar blood.
The tubular fluid and efferent blood collections necessary for this calculation were made from adjacent structures. Efferent protein concentration = ProteinA/1 -SNFF. (7) In a separate group of experiments, sodium balance was measured in six rats before and after ligation of the common bile duct. The rats were kept in individual metabolic cages, were fed a sodium-free pellet diet (Nutritional Miochemicals, Cleveland, Ohio), and were given 25 ml of 75 meq/liter NaCl solution to drink daily in a graduated Jshaped drinking tube. Since each rat consumed the entire 25 ml each day, they received 1.875 meq Nat per day. After they finished their ration of saline, they were allowed tap water ad lib. for the rest of the day. They were maintained on this regimen for 5 days, after which 24-h urine collections were obtained for 3 consecutive days. After this study, each rat underwent ligation of the common bile duct, as described above, and was returned to its cage. They were maintained on the same diet and drinking solution for an additional 10 days, after which 24-h urine collections were obtained for 3 consecutive days.
Urinary sodium and potassium concentrations in the clearance and balance studies were measured with an Instrumentation Laboratory flame photometer, model 143 (Instrumentation Laboratory, Inc., Watertown, Mass.). Plasma protein was measured by the method of Reinhold (12) . Paper electrophoresis was carried out on plasma proteins from four experimental and four control rats. RESULTS The results of sodium balance measurements in six rats before and after ligation of the common bile duct are shown in Table I . Before surgery, an average of 93.2% of the ingested sodium was recovered in the urine over a 3-day period of observation. The remainder of the sodium presumably was excreted in the feces or was lost due to technical reasons. 10-13 days after bile duct ligation, only 85.6% of the ingested sodium was recovered in the urine. This difference of 7.6% represents a positive sodium balance of approximately 142 /Leq/day. Thus, chronic common bile duct ligation in the rat, as in the dog (1-3), results in sodium retention by the kidney.
In Table II are summarized the renal clearance and hemodynamic data for the animals in which micropuncture studies were carried out. In contrast to the 3-day balance studies, sodium excretion during micropuncture experiments was not significantly different between the normal and bile duct-ligated rats. Although 996 N. Bank and S. Aynedfian The average hematocrit for the control animals was 48.4%+0.4 SE, and for the experimental animals was 42.0%±+0.5 SE. This difference is highly significant (P <0.001). Powell, Dunnicliff, and Billing (13) have found that common bile duct ligation in the rat leads to shortening of erythrocyte survival and anemia, the effect being due presumably to elevated levels of conjugated bilirubin in the plasma. The mean plasma protein concentration in the control rats was 4.55 g/100 ml+0.15 SE, and in the experimental rats was 4.62 g/100 ml± 0.18 SE. The mean value in the control rats is in agreement with that reported by Weinman, Kashgarian, and Hayslett (14) . The percent of total protein present as albumin was 42.5% in the control rats and was 38.2% in the experimental rats.
The micropuncture findings are presented in Figs. 1 and 2 and are summarized in Table III . Fig. 1 shows the TF/Pi. values and tubular fluid flow rates collected from the last accessible proximal convolutions on the surface of the kidney. As can be seen, TF/Pi. was significantly higher in the bile duct-ligated rats than in the controls, and TFR was significantly reduced. Although there was considerable overlap in TF/Pi. values, ratios of 4.0 and higher, as were observed in the experimental rats, are strikingly abnormal in our experience (15 The data on SNFF and the calculated protein concentration in efferent arteriolar blood are shown in Fig.   2 . The mean SNFF in the control rats was 0.38±0.01 SE and in the experimental rats was 0.46±0.01 SE (P < 0.001). SNFF has been measured by several different methods in normal hydropenic rats, and the results seem to vary considerably according to the method used. We previously reported a value of 0.36 determined by simultaneous measurements of inulin and PAH collected from distal convoluted tubules (10) . Brenner (14), the Lowry protein method overestimates the true protein value at high concentrations. Secondly, the efferent arteriole may not be entirely impermeable to protein, and some may be lost between the glomerulus and the surface of the kidney where efferent blood samples are obtained. The ultramicro-hematocrit method, on the other hand, is free of this latter theoretical problem and is relatively easy to carry out. Whatever the merits of these various techniques, in the present study a highly significant difference was found in SNFF between the control and bile duct-ligated rats.
It should be noted that in both the control and experimental rats, SNFF was higher than the corresponding whole kidney FF (Table II) , the difference in the experimental rats being striking. In other studies in which whole kidney FF was compared with SNFF in normal rats (10, 14) , the former was measured by (19) found that less PAH appears in the final urine than is present in cortical distal tubules, a finding which we confirmed (10) . This might mean that some PAH is reabsorbed in the collecting ducts. If this were so, FF estimated by insulin clearance/PAH clearance would be erroneously high. In the present study, FF was estimated by inulin extraction. Since inulin entering the renal artery is lost from the blood by filtration only, the measurement of inulin extraction is a direct means of estimating FF.
The data indicate that in the normal hydropenic rat, the superficial nephrons have a slightly higher FF than the deeper nephrons. In the bile duct-ligated animals, a marked increase in SNFF of superficial nephrons occurred in the absence of any detectable change in whole kidney FF. As a consequence of the increase in SNFF, the protein concentration in efferent arteriolar blood was significantly higher in the bile duct-ligated rats than in the controls. The mean ProtE for normal rats was 7.27 g/100 ml+0.21 SE and for the experimental rats was 9.05 g/100 ml+0.22 SE. Because there was no difference in the arterial protein concentrations of the two groups of rats, the higher efferent arteriolar protein concentration in the experimental rats was due to the higher SNFF rather than an increase in arterial protein concentration.
The mean SNBF values for the two groups of rats, calculated from eq. 6, are shown in Table III . This equation expresses the blood flow entering the glomerulus from the afferent arteriole. As can be seen, SNBF of the superficial nephrons was significantly lower in the bile duct-ligated rats than in the normal controls. This marked reduction in surface nephron blood flow occurred in the absence of any significant decrease in whole kidney blood flow (Table II) . DISCUSSION The results of the present study demonstrate that ligation of the common bile duct in the rat leads to sodium and water retention by the kidney, in the same fashion as has previously been found in dogs (1-3) . This experimental model mimics in several respects the renal pathophysiology of patients with intrinsic liver disease. Thus, patients with cirrhosis of the liver may develop renal sodium retention, peripheral edema, and ascites. They also may have impairment of maximum urinary concentration (U.a.) and free-water clearance (CH}2o), with intact ability to reabsorb free-water (TCH20) (4, 5, 7). Dogs with bile duct ligation demonstrate these same disturbances of renal function (3). It seems reasonable to assume, therefore, that the experimental findings of the present study bear upon the renal pathophysiology in patients with liver disease.
Before discussing the micropuncture findings, we wish to call attention to an important problem in these experiments. Because of the presence of ascites, it was possible that the abdominal surgery necessary to collect micropuncture samples might acutely alter renal hemodynamics. It is well known that sudden removal of large amounts of ascitic fluid from patients with liver disease can lead to contraction of intravascular volume, a fall in GFR, and oliguria. Obviously, if such changes were allowed to occur in the experimental animals, the micropuncture observations would reflect the response to acute plasma volume contraction rather than the state of the animal before surgery. Two precautions were taken to avoid this complication. First, animals were studied at an early stage in the development of ascites, 10-14 days after bile duct ligation. We purposely rejected rats that had massive ascites, since it would have been impossible to avoid significant losses of fluid during surgical preparation for micropuncture. Secondly, the abdominal surgery was modified to prevent any loss of ascitic fluid (see Methods). With these precautions, sudden reductions in plasma volume were probably avoided in the experimental rats. Although we cannot be certain that a change in intra-abdominal pressure due to laparotomy did not lead to some intercompartmental shifts of body fluid, the fact that GFR and RBF in the experimental rats were the same as in the normal controls suggests that intravascular volume was not severely reduced.
The micropuncture data indicate that sodium and water reabsorption was markedly increased in the proximal convoluted tubule (Fig. 1, Table III) . From the few distal tubular fluid collections, fluid absorption also appeared to be increased in segments beyond the proximal convolutions. Since SNGFR was the same as in the control rats, sodium and water absorption was increased in absolute amounts as well as fractionally. Our observations are in accord with the clearance study of Better and Massry (3) in dogs, and with a micropuncture study by Yarger in rats (20) . Yarger found that proximal and early distal TF/Pi. ratios were elevated in bile duct-ligated rats (20) . Intrarenal blood flow distribution, measured with microspheres, demonstrated decreased fractional flow to the outer cortex and increased fractional flow to the inner cortex. A disproportion between SNGFR and cortical blood flow led Yarger to suggest that FF was increased in superficial nephrons, a suggestion confirmed by the present study. An important difference between his findings and ours is that GFR and SNGFR were significantly lower in his bile duct-ligated animals, compared with controls. 35 SNGFR (ni /min) FIGURE 3 Correlation between SNGFR and The diagonal line indicates the expected GFR and all nephrons have the same SNGFR Since Yarger studied the rats shortly after positive sodium balance began, whereas we studied them 10-14 days after bile duct ligation, it seems reasonable to assume that differences in timing account for the different findings. Thus, in the early stages of sodium retention, reduced filtration rate may contribute to positive sodium balance. As extracellular fluid volume expands, filtration rate may return toward normal, at which time the elevated peritubular protein concentration is responsible for continuing sodium retention. An alternative explanation for the low filtration rates in Yarger's animals is that they were studied soon after an initial period of postoperative sodium loss (20) , and therefore may have been somewhat volume contracted.
According to current concepts, sodium retention by the kidney might be due to a decrease in filtered sodium (GFR), high levels of circulating aldosterone, redistribution of the glomerular filtrate to deep nephrons, a decrease in circulating "natriuretic" hormone, or to a change in peritubular physical forces - (21) . The present whole kidney GFR measured simultaneously. if there are 30,000 nephrons in the rat kidney study allowed an evaluation of most of these possibilities. It was found that SNGFR and whole kidney GFR were no different than in control rats. Although a reduced filtration rate may have contributed to sodium retention soon after bile duct ligation (20) , at this later stage sodium reabsorption was increased in the presence of normal filtration rates. The findings also argue against a redistribution of filtration within the kidney. In order to examine this possibility more closely, individual values for SNGFR were plotted against the simultaneously measured GFR for both groups of rats. The data are shown in Fig. 3 . The diagonal line indicates the expected GFR for any given value of SNGFR if there are 30,000 nephrons in the rat kidney and if all nephron § have the same filtration rate. As can be seen from Fig. 3 , most of the points for the control rats fall above the line, suggesting that deeper-nephrons normally have higher filtration rates than superficial nephrons (22) (23) (24) , deep nephrons had occurred, the points would have been shifted toward the left. Thus, there is no evidence to suggest that redistribution of filtration was the mechanism of sodium retention in these animals. Finally, large amounts of d-aldosterone were given i.v. to both groups of rats, starting approximately 1 h before micropuncture collections and continuing throughout the experiment. It seems unlikely, therefore, that differences in circulating aldosterone levels can account for the enhanced proximal and distal sodium and water reabsorption in the bile duct-ligated animals. No experiments were carried out regarding the possibility of a decrease in circulating levels of natriuretic hormone.
The main finding to account for enhanced reabsorption is the markedly higher SNFF in the superficial nephrons of the bile duct-ligated rats. The total protein concentration of the efferent arteriolar blood, calculated from the SNFF and arterial protein concentration, was significantly higher than in the normal control rats (Fig. 2) . Since electrophoresis of plasma proteins in both groups of animals yielded approximately the same fraction for albumin, the concentration of efferent arteriolar albumin was presumably also much higher in the experimental than in the normal rats. A considerable body of experimental evidence has demonstrated that acute changes in peritubular oncotic pressure exert an important effect on sodium reabsorption by the proximal convoluted tubule (see reference 21 for review). Although it has not previously been demonstrated that changes in peritubular oncotic pressure can influence sodium balance over long periods of time, the present findings suggest that this was the mechanism for renal sodium retention in this experimental model. Since FF for the whole kidney was not increased in the experimental rats, we assume that renal sodium retention was due to enhanced reabsorption primarily by cortical nephrons, rather than by all of the nephrons. However, since deep nephrons were not examined directly in this study, we cannot exclude the possibility that they also participated in the sodium retention.
A second finding is that SNBF was significantly reduced in the experimental rats, even though there was no reduction in whole kidney blood flow. It seems from these observations that there was relative ischemia of the superficial cortex, and that blood flow to deeper nephrons was either normal or increased. These conclusions are in agreement with the microsphere distribution found by Yarger (20) . Cortical ischemia has been diagnosed in patients with cirrhosis of the liver on the basis of renal PAH extraction measurements (25) and xenon washout curves (26) . From the present findings that SNGFR was normal while SNBF was reduced, we conclude that cortical ischemia is the result primarily of an increase in efferent arteriolar resistance.
The underlying cause of efferent arteriolar vasoconstriction in this experimental model or in patients with liver disease is unknown and obviously requires further investigation.
Several other renal functional disturbances present in animals with bile duct obstruction might be accounted for by the present findings. Impaired CiH2o, which has been observed in dogs with ligation of the common bile duct (3), might be the result of enhanced reabsorption of fluid in the proximal tubules of cortical nephrons, since CH2o is thought to be the function primarily of cortical nephrons (27) . If the delivery of fluid to the distal diluting segment is severely reduced in the cortical nephrons, as was the case in the present experiments, impaired CH20 could result. The loss of normal U.as but preservation of TcHE2O, findings present in bile duct-ligated dogs (3), might also be explained by the present observations. The fact that SNBF was reduced while RBF was not implies that blood flow to deeper nephrons was higher than normal. Increased medullary blood flow would be expected to diminish the solute concentration of the interstitium under hydropenic conditions, and thus interfere with Um.., but not necessarily impair TCH2O (27) . It has been suggested that a similar alteration of intrarenal hemodynamics is responsible for the concentrating defect in patients with cirrhosis of the liver (5, 25) , but whether elevated peritubular protein concentration is responsible for fluid retention in such patients is unknown.
An important question left unresolved by the present experiments is the sequence of events leading to the disturbance of renal hemodynamics and sodium retention by the kidney. Two main possibilities can be considered. First, it is possible that liver disease results in loss of fluid from the surface of the liver into the abdominal cavity, thereby causing contraction of intravascular volume and secondary renal hemodynamic disturbances. It is of interest that chronic dehydration produced by diuretics and low-salt diet causes an increase in SNFF without a comparable rise in whole kidney FF (14) , findings similar to those in the bile ductligated rats. However, volume contraction also led to a marked reduction in GFR (14) , which was not observed in the present experimental animals. A second possibility is that neural or hormonal disturbances caused by liver disease are directly responsible for the renal hemodynamic changes. In dogs with constriction of the thoracic inferior vena cava, a pattern of RBF similar to that in patients with liver disease has been observed, i.e., hypoperfusion of the cortex with maintained or increased medullary blood flow (28) (29) (30) . Studies in such animals have suggested that both the adrenergic nervous system and a humoral factor, possibly renin-angiotensin, are responsible for the cortical ischemia (29) . However, Chaimovitz, Massry, Friedler, and Coburn (31) recently reported that renal denervation and a-adrenergic blockade with dibenzyline failed to increase urinary sodium excretion or improve the blunted response to saline infusion in dogs with chronic bile duct ligation. Whatever the mechanism eventually proves to be, the present study provides evidence that constriction of cortical efferent arterioles occurs in bile duct obstruction, leading to elevation of peritubular protein concentration. To our knowledge, this is the first demonstration that increased peritubular colloid oncotic pressure can account for chronic sodium retention by the kidney.
